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gummary 

CDP-choline, supplied exogenously as citicoline, has beneficial physiological actions on 
cellular function that have been extensively studied and characterized in numerous model 
systems. As the product of the rate-limiting step in the synthesis of phosphatidylcholine from 
choline, CDP-choline and its hydrolysis products (cytidine and choline) play important roles 
in generation of phospholipids involved in membrane formation and repair. They also 
contribute to such critical metabolic functions as formation of nucleic acids, proteins, and 
acetylcholine. Orally-administered citicoline is hydrolyzed in the intestine, absorbed rapidly 
as choline and cytidine, resynthesized in liver and other tissues, and subsequently mobilized 
in CDP-choline synthetic pathways. Citicoline is efficiently utilized in brain cells for mem- 
brane lipid synthesis where it not only increases phospholipid synthesis but also inhibits 
phospholipid degradation.. Exogenously administered citicoline prevents, reduces, or reverses 
effects of ischemia and/or hypoxia in most animal and cellular models studied, and acts in 
head trauma models to decrease and limit nerve cell membrane damage, restore intracellular 
regulatory enzyme sensitivity and function, and limit edema. Thus, considerable accumu- 
lated evidence supports use of citicoline to enhance membrane maintenance, membrane 
repair, and neuronal function in conditions such as ischemic and traumatic injuries. Bene- 
ficial effects of exogenous citicoline also have been postulated and/or reported in experimen- 
tal models for dyskinesia, Parkinson's disease, cardiovascular disease, aging, Alzheimer's 
disease, learning and memory, and cholinergic stimulation. 
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Cytidine-5'-diphosphate choline (CDP-choline; citicoline), a naturally occurring endogenous 
nucleoside, is an intermediate compound in the major pathway for the biosynthesis of phos- 
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phatidylcholine. This pathway, frequently termed the Kennedy pathway, has been thoroughly 
characterized in numerous studies since it was initially described (1, 2). Current knowledge about the 
enzymology and regulation of phosphatidylcholine biosynthesis has been summarized in a recent 
review (3). Phosphatidylcholine has been of primary research interest as the major and essential 
phospholipid component of cellular membranes as well as in lipoprotein synthetic pathways. CDP- 
choline has also received increased attention over the preceding two decades as it became clear that 
the synthesis of this compound represented the limiting step in the Kennedy pathway. 

CDP-choline (C^^OjjP^ is a polarized molecule with a molecular weight of 488.33 (Fig 1) 
The monosodium salt of CDP-choline (MW=510.31) is a white, crystalline, spongy, very hygroscopic 
powder that is soluble in water and almost insoluble in alcohol (4). Citicoline is the proposed 
International Non-proprietary Name (pINN) for cytidine-5'-diphosphate choline. The compound has 
been studied for many years in numerous countries throughout the world under more than 50 trade 
names. The concept that administration of exogenous CDP-choline (citicoline) might augment 
endogenous phosphatidylcholine synthesis is attractive because accelerated replacement or repair of 
cellular membranes could play a critical role in the function of numerous physiological processes 
It could have potential therapeutic efficacy in a variety of diseases in which membrane disorder 
dysfunction, or degeneration results in cellular and tissue ischemia and necrosis. 

Gytldine-5'-dlphosphate choline (CDP-choline, citicoline) 
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Fig. 1 



Chemical structure of cytidine-5'-diphosphate choline (CDP- choline, citicoline). 



Metabolism 

CDP-choline is synthesized from cytidine-5'-triphosphate and phosphocholine with accompanying 
production of inorganic pyrophosphate in a reversible reaction (5) catalyzed by the enzyme CTP: 
hosphocholine cytidylyltransferase (6). CDP-choline can be readily hydrolyzed in vivo (Fig. 2) to 
cytidine monophosphate and phosphocholine by phosphodiesterases in the cell wall, and subsequent 
dephosphorylation of both molecules was postulated to then precede uptake into the cell and 
intracellular enzymatic resynthesis of CDP-choline (7). In the neuronally-related PC12 cells (8), it 
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was shown that exogenous *H-cytidine was readily incorporated into the cells and mainly converted 
into cytidine triphosphate, and also that cytidine increased 14 C-choline incorporation into membrane 
phosphatidylcholine. In a similar manner, rates of CDP-choline and phosphatidylcholine synthesis 
were stimulated 4.5-fold in rats fed orotic acid, a cytidine precursor (9). 



Cyt!dlne-5 f -diphosphate choline (CDP-chollne f cltlcollne) 




OH OH 

Cytidine Monophosphate Phosphochollne 

Fig. 2 



Chemical structure of hydrolysis products of cytidine-5'-diphosphate choline (CDP-choline, citicoline). 

The three-step synthetic pathway (Kennedy pathway) leading from choline to phosphatidylcholine 
was initially reported in 1956 by Kennedy and Weiss (2), and was reviewed recently in considerable 
detail (3). In the initial step, the phosphorylation of choline to phosphocholine is catalyzed by the 
enzyme choline kinase. The second and rate-limiting step is the previously mentioned formation of 
CDP-choline from cy tidine-5'- triphosphate and phosphocholine. The raterlimiting nature of this step 
has been demonstrated in numerous preparations including chick brain microsomes (10), cultured 
chick embryonic muscle (11), cultured chick heart cells (12), rat hepatocytes (13, 14), rat myoblast 
(L6) cell line (15), rat lung type II cells (16), hamster heart (17), and guinea pig heart (18). The final 
step is the reaction (catalyzed by the enzyme CDP-choline: 1,2-diacylglycerol cholinephosphotrans- 
erase) of CDP-choline with diacylglyceride to form phosphatidylcholine and monoglyceride. 

The Kennedy pathway is not the only biosynthetic route to phosphatidylcholine (19, 20), but it 
appears to be the dominant one in many types of cells. For example, over 90% of cardiac phosphati- 
dylcholine is synthesized via this pathway (21). The pathway has been identified and characterized 
in numerous cells and tissues, including primary cell cultures from rat brain (22), rat lung microsomes 
(23), rat lung type II cells (24), hepatocytes (25, 26), rat renal cortex (27, 28), fetal rat lung (29), fetal 
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rabbit lung (30), rat brain (31-33), rat liver (34), rat skeletal muscle (35), isolated hamster heart (17), 
isolated perfused guinea pig heart (18), and isolated perfused rabbit lung (36). 

Within specific tissues and cells, there appears to be localization of pathway enzymes. Differing 
rates presumably corresponding to differing metabolic activities have been reported in rabbit neuronal 
and glial cells (37), and activity appears to be localized in the microsomal fraction from yeast cells 
(38) and rat brain white and gray matter (39). Evidence has accumulated that synthetic activity is 
concentrated in the external or outer side (corresponding to the cytoplasmic side in vivo) in chicken 
and rat brain microsomes (40) and rat liver microsomes (41, 42). Synthetic activity has also been 
reported in rat brain synaptic plasma membrane (43, 44) and in local areas of rat sympathetic neurons 

(45) . 

In addition to anatomical localization of the Kennedy pathway activity, there is considerable 
experimental evidence that, at different steps in the pathway, different pools contribute variably to 
the final phospholipid product. In rat hepatocytes, radiolabeled precursors for the Kennedy pathway 
or alternate pathways yield differing ratios of labeled phospholipid at different anatomical locations 

(46) . Even within the pathway, when choline and cytidine were labeled with different isotopes ( 3 H 
or 14 C) in cultured brain cells (7) or when citicoline and diacylglycerol were synthetically labeled 
with different isotopes in rat lung microsomes (47) or with the same isotope ( I4 C) in parallel 
experiments in rat brain microsomes (48), the rates at which the labels were incorporated in 
membranes or cells differed. These differing rates of synthesis for the two labeled components were 
interpreted as indicating that endogenous nonuniformly mixing substrate pools exist. Spatially 
separate pools may, in turn, be shown to be specifically regulated as in the cases of structurally 
localized inhibition by hemicholinium-3 of choline transport in cultured glioma cells (49), synthetic 
rates dependent upon intracellular calcium concentrations in cultured glioma cells (50) or rat 
hepatocytes (51), or dependent upon amino acid concentrations in rat cortical cells (52), and 
regulation of the phosphocholine pool size by phosphocholine phosphatase in the hamster heart (53). 

The metabolic pathways of particular importance for CDP-choline and its hydrolysis products are 
outlined in Figure 3. The hydrolysis and dephosphorylation of CDP-choline as well as the Kennedy 
synthetic pathway to phosphatidylcholine were discussed earlier in this section. Choline is also the 
precursor for two other major pathways, synthesis of the neurotransmitter acetylcholine (54) and 
resynthesis of methionine via betaine aldehyde and betaine with subsequent transmethylation to 
homocysteine and to methionine (55). However, the latter synthesis (betaine-homocysteine trans- 
methylation) does not occur in brain cells, which cannot utilize choline or betaine for this synthesis 
and must obtain the methylated compounds from external sources (56). The pyrimidine, cytidine, 
.is widely distributed and incorporated into cellular nucleic acids. In addition to these primary 
pathways, there are a number of other relevant physiological reactions. For example, CDP-choline 
is a critical precursor for the synthesis of platelet-activating factor (57-59) and also has been reported 
to affect the activity of cytochrome oxidase and other enzymes involved in energy transduction in rat 
brain homogenates (60, 61). Additionally, phosphatidylcholine synthesis is increased by numerous 
agents including thyrotropin-releasing hormone and phorbol esters in GHj pituitary cells (62), 
glucose in rat pancreatic islets (63), and gemfibrozil in cultured rat hepatocytes (64), whereas a- 
adrenergic stimulation decreases phosphatidylcholine synthesis (65). 

Thus, the diverse products of CDP-choline and its metabolites can affect a number of biologically 
critical parameters and can be modulated by diverse agents. Documentation of the synthesis and 
metabolism of CDP-choline can provide a basis for identifying those actions providing the primary 
underlying mechanism(s) for pharmacological activity initiated by administration of citicoline. 



Vol. 56, No. 9, 1995 



Metabolism and Actions of CDP-choline 



641 



CDP-CHOLINE 



-HYDROLYSIS AND DEPHOSPHORYLATION 
PHOSPHORYLATION 



CYTIDINE 


J 

> 





CYTIDINE TRIPHOSPHATE (CTP) 



INCORPORATION INTO 
NUCLEIC ACID 



> CHOLINE 



I' 






> 


CDP-CHOLINE 


> 



PHOSPHATIDYLCHOLINE 



TRANSMETHYLATION 



> BETAINE 



> 


METHIONINE 


> 


PROTEINS 







ACETYLCHOLINE 



Fig. 3 

Summary of major metabolic pathways for CDP-choline. 



Pharmacokinetics 

The synthesis of citicoline with 14 C at the methyl carbons of the choline moiety and 3 H in position 
5 of the cytidine nucleus has been described (66). Use of this product with each of the two dissociable 
components labeled differently yields particularly useful information because analysis of cytidine and 
choline pharmacokinetics in the same experiment can be performed. More limited information is 
obtained in studies with only one part of the molecule labeled, with both parts labeled with 14 C in the 
same experiments, or with each of the two components labeled with 14 C in parallel experiments. 

The oral absorption and subsequent initial distribution of citicoline has been measured with 
radioisotopically-labeled citicoline in several different studies. In a series of experiments with 
citicoline labeled with either 14 C or 3 H in the positions described above, the intestinal absorption 
patterns of citicoline and/or its metabolites were delineated (67). Thirty minutes after oral admini- 
stration to rats of either labeled compound, analysis of stomach and intestinal contents indicated that 
the bulk of radioactivity in the stomach was in the citicoline fraction, whereas the radioactivity 
present in the intestine was predominantly in either the choline fraction or the cytidine fraction. It was 
postulated that elevated relative amounts of phosphorylated choline and cytidine in the intestinal 
mucosa compared to the lumen indicates active transport across the intestinal mucosa in these forms. 
The bioavailability of methyl- 14 C citicoline in rats was almost complete with estimates of 92% (68) 
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and 94.5% (69) in two different studies. Measurements with the double-labeled citicoline molecule 
document that differential uptake and utilization of cytidine and choline portions of the molecule 
from the intestine occur with most isotope being absorbed within a few hours (67, 70). Comparison 
of radioactivity distribution after oral and intravenous administration of citicoline shows some 
quantitative differences, primarily a slower rise in vascular concentrations and a higher urinary 
excretion (presumably of gastrointestinal metabolites) with the oral route, after a 300 mg/kg dose 
(69), as well as approximately twice as much choline component uptake into the liver (67). In rats, 
after a single bolus injection (50 mg/kg citicoline) plasma citicoline levels detectable after 1 minute 
(2.9 /jM) fall to undetectable levels 5 minutes later, and plasma cytidine levels also increase rapidly 
(from 1.5 to 124 /uM) and remain elevated for at least 60 minutes (71). The speed of the intestinal 
citicoline hydrolysis appears to be the limiting factor in the absorption process (72). After entering 
the circulation, most of the isotope is rapidly distributed to body tissues with the highest concen- 
tration in the liver (67, 70). 

In experiments with double-labeled isotope, preferential uptake of the 14 C (choline) portion oc- 
curred in the liver (67, 70), with the 3 H (cytidine) portion more widely distributed and apparently 
incorporated into the nucleic acid fraction via the cytidine nucleotide pool (70). The observed 
differential distribution of the two portions of citicoline was interpreted as supporting the concept that 
choline and cytidine are absorbed and taken up into cells separately. Pharmacokinetics of orally 
administered citicoline were measured in liver and brain in both rats and dogs, and no significant 
differences were observed between these two species (70). In liver, the 14 C-labeled choline and 
choline metabolite levels increase rapidly and then rapidly decrease (after the first hour) as 
metabolites derived from choline are released.into the circulation with the resulting peak plasma level 
attained after 4 hours (72). The percentages of 14 C and 3 H metabolites present in rat liver were 
measured (56, 70, 72, 73). High initial levels of cytidine, cytidine nucleotides, betaine and phos- 
phocholine are replaced at the longer time interval by increased levels of nucleic acids, methionine, 
proteins and phospholipids. The uptake of radioactivity derived from citicoline was studied in 
perfused rat liver (74). Within 5 minutes, the double-labeled citicoline was largely degraded to 3 H- 
cy tidine monophosphate and 14 C-choline. Thus, uptake by perfused liver cells, at least after a short 
initial interval, can be associated with metabolites of citicoline. From the accumulated metabolites, 
citicoline and phosphatidylcholine can be readily ^synthesized via the Kennedy pathway. Experi- 
ments with isolated rat liver microsomes and mitochondria (75) demonstrate that phosphatidylcholine 
can be synthesized from citicoline in both fractions, especially mitochondria. Much of the isotope 
accumulated in the two major uptake sites (liver and kidneys) as well as in other organs appears to 
be incorporated into phospholipids, nucleosides, and proteins, and retained by the cells with only 
minor amounts excreted by the gastrointestinal tract, kidneys, or (as C^) lungs (67, 68, 69, 72). 

Uptake of radioactivity into brain after either oral or intravenous administration of citicoline 
differs from that observed in any other tissues. Only a very small amount of the total citicoline ad- 
ministered is taken up as choline and cytidine by the brain, but the utilization of those quantities taken 
up for the synthesis of endogenous CDP-choline and, subsequently, for phospholipid and other 
biosynthesis is highly efficient (70). The 3 H-cytidine moiety is more rapidly accumulated with the 
l4 C incorporation slowly increasing for up to 5 hours (70), and no decreases in radioactivity levels 
are observed for up to 48 hours (56, 67). Though only 0.25% of the radioactivity in the administered 
oral dose was present in the rat brain homogenate, 62.8% of this was in the lipid extract after 24 
hours, mainly as phosphatidylcholine (76.5%) and sphingomyelin (17.9%) (76). The percentages of 
14 C and 3 H metabolites present in rat brain were measured (56, 70, 73). High initial levels of cytidine, 
cytidine nucleotides, methionine, and phosphqchpline are replaced at the longer time interval by 
increased levels of nucleic acids, proteins, and phospholipids (70). Autoradiographic measurements 



Vol. 56, No. 9, 1995 



Metabolism and Actions of CDP-choline 



643 



of 14 C-labeled citicoline after either intravenous or intrathecal administration in rats (77, 78) indicated 
that, in specimens prepared 1 hour after infusion, the compound was detectable in the brain and spinal 
cord only after intrathecal injection (with more immediate access to the brain sites). 

Several radioautographic sjtudies were performed with 14 C-methyl labeled citicoline to examine 
subcellular distribution in brain. Low-resolution autoradiography in rat brain detected labeled 
material in the neurons 24 hours after administration, indicating intracellular incorporation (79). 
Similar high-resolution autoradiography in mouse brain 24 hours (80) or 10 days (81) after 
administration indicated increased radioactivity in cellular membranes without further selectivity (80) 
and in cholinergic neuronal areas in brain and subcellular membranes in Purkinje cells in the 
cerebellum (81). In a similar but nonradioautographic study in rats (82), brains were homogenized 
and fractionated 24 hours after compound administration, and radioactivity was found to be 
associated with cytoplasmic and microsomal membrane fractions. Furthermore, in cultured fetal rat 
brain cells incubated with double-labeled citicoline (83), different intracellular 3 H/ 14 C ratios from 
those in the extracellular incubation solution were identified, and a rapid subsequent labeling of 
phosphatidylcholine was detected. Thus, as in other cell types, choline and cytidine are taken up 
separately and mix with similar cellular pools, and then citicoline is resynthesized and used for 
cellular phosphatidylcholine synthesis. In cultured cells from chick ganglia (84), radioautography of 
3 H-labeled citicoline indicates that the citicoline was taken up into nerve cells and initially 
incorporated primarily into the nucleus within 2 hours. In similar experiments (84), glial (kitten 
cerebellar astraglia) cells and ependymal (human ependymoma) cells did not incorporate as much 
citicoline as did nerve cells. 

Pharmacodynamics 

Ischemia/Hypoxia. Biosynthesis of membrane phospholipids is, clearly, of primary importance 
in dynamic regulation of cellular integrity. The role of phospholipids in maintenance of neuronal 
function in the highly lipid central nervous system has been of particular interest in circumstances 
where brain function has been compromised. In particular, considerable preclinical research and 
clinical interest have focused on measurement of phospholipid deficiencies in a variety of ischemic 
and hypoxic animal models as well as of the effects of exogenous citicoline administration in limiting 
deleterious changes observed in these experimental models. The application of these results and of 
those obtained in head trauma models to corresponding clinical situations appears to provide the most 
logical rationale for clinical potential and utility for citicoline. Various actions of citicoline reported 
in 10 different ischemia/hypoxia models in six species are summarized in Table I and discussed in 
this section. 

Several studies were performed with a global model of ischemia in which ischemia was induced 
by incubating decapitated rat heads for 5 minutes at 37°C (85-88). In this model, intracerebral 
injection of CDP-ethanolamine and citicoline (0.6 //moles of each) prevented ischemia-induced loss 
of radioactivity from choline and ethanolamine glycerophospholipids and from increased free fatty 
acids (85, 87, 88). The ischemia-induced decline in Na*K + - ATPase activity, similar to that produced 
by addition of exogenous diacylglycerols to the ATPase assay mixture, was not prevented by 
pretreatment with citicoline and CDP-ethanolamine (86). Since accumulation of free fatty acids was 
affected by this pretreatment, it was concluded that local accumulation of diacylglyce/ols following 
ischemia is responsible for inhibition of ATPase. 
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The effects of citicoline on neurologic deficits and cerebral glucose metabolism were studied in 
a rat model in which transient cerebral ischemia was induced by occluding both common carotid 
arteries for 20 or 30 minutes, 24 hours after the vertebral arteries were permanently occluded by 
electrocautery (89). After reestablishing carotid blood flow, citicoline was given intraperitoneally at 
doses of 50 and 250 mg/kg twice daily for 4 days. The higher dose of citicoline in ischemic rats 
improved neurologic signs and attenuated increases in glucose and pyruvate levels and decreases in 
the synthesis of labeled acetylcholine from labeled glucose. It was postulated that citicoline may 
decrease the effects of cerebral ischemia by restoring glucose metabolism through a stimulant effect 
on phospholipid biosynthesis. In a similar model after 10 minutes of occlusion (90), groups of rats 
received different drugs including citicoline (76.1 and 152 mg/kg, intravenously) and effects on 
survival of hippocampal CA1 neurons (neuronal density) were subsequently measured. S-adenosyl-L- 
methionine did protect, but no protective effect was observed with citicoline or other compounds 
tested under similar conditions. 



In an ischemic and anoxic model (91), the rat right carotid artery was ligated and rats were 
exposed to nitrogen for approximately 4 hours (until convulsions occurred). Test drugs were 
administered 20, 80, and 140 minutes after the anoxic treatment, and the effects on neurological 
deficits were assessed 48 hours after the anoxia treatment. Citicoline (300 mg/kg, intraperitoneally) 
significantly decreased the incidence of neurological deficits. 

In several studies (92-95), the effects of acute hypobaric hypoxia were tested in rats subjected to 
differing atmospheric pressures in a hypobaric chamber. In the earliest study (92), citicoline (20 
mg/kg) was given intraperitonally 18 hours before various parameters were measured, mainly during 
short-term exposure to lowered pressures of 500 mm Hg and 300 mm Hg (equivalent to 7180 m 
altitude). There was a reduction in vegetative (including hemodynamic) responses with no modifi- 
cations of cerebral blood flow, preservation of the conditioned avoidance response, and stabilization 
(decreased reduction) of cerebral levels of dopamine and norepinephrine. In subsequent studies, 
effects of citicoline on changes in catecholamine levels elicited with hypobaric hypoxia were 
delineated. In rats exposed to hypobaric pressure of 300 mm Hg for 60 minutes before sacrifice, 
dopamine uptake was increased (95). When citicoline was given orally (1 g/kg for 3 days), 
synaptosomal uptake of dopamine was decreased. At similar hypobaric pressures for 15 minutes (93)' 
citicoline (300 mg/kg orally per day for 7 days) protected from the effects of hypobaric hypoxia in 
behavior/conditioning tests. Further experiments were performed to determine whether citicoline (1 
g/kg orally for 1 or 3 days) opposed the effects of hypobaric hypoxia (300 mm Hg maintained for 60 
minutes) on catecholamine metabolism in rat striatum and hypothalamus (94). Hypoxia decreased 
striatal norepinephrine and several metabolites and increased both striatal and hypothalamic 
dopamine; citicoline partially reversed the changes in norepinephrine and dopamine levels and had 
differing effects on metabolite levels. Thus, it appears that citicoline inhibited the impairment by 
hypoxia of neurotransmitter release patterns. 

A chronic hypoxia rat model was developed (96-98) by placing the animals in chambers in which 
the oxygen content was reduced stepwise (15, 12, 10, 8, and 7% over extended time periods, and 
their behavioral reactions indicative of deterioration in vigilance were recorded. In the initial study 
(96), citicoline (100 mg/kg in food) had a protective effect by increasing vigilance under mild (15% 
0 2 ) hypoxia. In a second study (97), rats were kept at chronic hypoxic levels of 15, 12, 10, and 7 
vol% 0 2 for 5 months, and their behavior in an open field was observed. Hypoxia-induced behavioral 
deteriorations were partially reduced by citicoline (100 mg/kg in food), and survival time was 
increased at 7 vol% 0 2 . The effects of a similar^dose of citicoline on survival time in extreme (7 
vol% 0 2 ) hypoxia were confirmed in two experiments over a period of 6 months (98). 
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TABLE I 



Model 



Effects of Citicoline on Ischemia and/or Hypoxia in Preclinical Models 



Decapitation 
ischemic 
model 



Transient 
cerebral 
ischemia 



Transient 
cerebral 
ischemia 

Ligation and 
anoxia 

Acute 
hypobaric 
hypoxia 



Chronic 
hypoxic 
hypoxia 

Ischemia 
model 



Hypoxia 



Cerebral micro- 
vessel injury 



Embryonic 
neuronal 
cultures 



Species 



Rat 



Rat 



Rat 



Rat 



Rat 



Rat 



Gerbil 



Guinea pig 



Rabbit 



Acute hypoxia Dog (Beagle) 



Chicken 



Effects of Citicoline 



Prevents free fatty acid release 
and glycerophospholipid de- 
gradation (but not decreased 
Na*-K + -ATPase activity) 

Shortened time for the return of 
spontaneous motor activity; im- 
proved neurologic signs; de- 
creased changes in glucose, py- 
ruvate and acetylcholine 

No effect (only S-adenosyl-L- 
methionine protects against neu- 
ronal death 

Decreased incidence of neuro- 
logical deficits 

Reduced vegetative response 
parameters; protected condi- 
tioned avoidance response; par- 
tially restored learning perfor- 
mance; stabilized dopamine (de- 
creases) and norepinephrine (in- 
creases levels 

Reversed long-term behavioral 
changes and mental deteriora- 
tion; increased survival time 

Prevents increased fatty acids 
(in some conditions) and neutral 
lipids as well as decreased phos- 
phatidylcholine 

Reversed effect on RNA and 
protein labeling; increased 
phospholipids, especially in mi- 
tochondria 

Delayed vasodilating activity 



Increased synaptosomal phos- 
phorylation only after hypoxia 

Protected neurons from hypo- 
capnic injury; increased cellular 
proliferation 



Reference(s) 



(85-88) 



(89) 



(90) 



(91) 



(92-95) 



(96-98) 



(99-101) 



(102, 103) 



(104) 
(105) 
' (106) 
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In the gerbil model (99-101), brain ischemia is produced by bilateral ligation of the carotid 
arteries. In one study (101), citicoline (0.6 /miol/brain) was injected intraventricular^ 5 minutes 
before ligation. Changes in brain free fatty acids, neutral lipids and different phospholipids, which 
were all labeled by intraventricular injection of ,4 C-arachidonic acid 2 hours before ligation, were 
measured after 10 minutes of ligation-produced ischemia. Citicoline partially prevented the ische- 
mia-induced increases in fatty acids and neutral lipids and the decrease in brain phosphatidylcholine. 
In a similar study (99), citicoline prevented approximately half of the ischemia-induced increase in 
the free fatty acid pool and in labeled fatty acid release as well as both the increase in diacylglycerol 
and the major portion of the decrease in phosphatidylcholine. In another series of experiments (100), 
which were similar except that citicoline (9 mg; approximately 150 mg/kg) was administered 
intraperitoneal^ 1-2 hours before bilateral ligation, the effects observed were decreased. The 
ischemia-induced increase in diglycerides was prevented, and the decrease in phosphatidylcholine 
was partially inhibited. 

The poo 1 size of endogenous citicoline (CDP-choline) was measured by radioactive isotopic 
( 14 C) dilution in brains, hearts, and lungs from normal and hypoxic guinea pigs (102). Hypoxia was 
induced by intermittent (17 hours/day for 4 days) exposure to 9% oxygen in nitrogen, and citicoline 
(100 mg/kg, intraperitoneally) was administered 15 minutes before sacrifice. CDP-choline was 
decreased significantly in brains and lungs of hypoxic guinea pigs, and citicoline had no effect on 
pool sizes of CDP-choline in normal or hypoxic animals (concentrations of precursors or products 
were not measured). The effects of citicoline on hypoxia-induced decreases in incorporation of the 
labeled precursors, 3 H-glycerpl and 14 C-palmitate, into total lipids and into phospholipids of 
mitochondria isolated from cerebral hemispheres, cerebellum, and brainstem were measured (102). 
Citicoline increased total lipid and phospholipid levels in mitochondria purified from all three brain 
regions of hypoxic guinea pigs, indicating that citicoline restored lipid metabolism most in those 
membranes most affected by the hypoxic treatment. In an additional study employing similar 
approaches (103), citicoline was not able to reverse the inhibitory effect of hypoxia on DNA labeling, 
but was able to remove the effect of hypoxia on RNA and protein labeling. The labeling of RNA in 
cerebellar nuclei and mitochondria and of proteins in microsomes from all three brain regions 
examined was particularly sensitive to citicoline, indicating a stimulation or restoration of energy 
metabolism. 

A study was performed comparing the effects of SK-827 with those of citicoline (100 mg/kg, 
intravenously) and nicardipine on rabbit cerebral microcirculation with cerebral microvessel injury 
induced by glass bead injection into an internal carotid artery (104). Citicoline tended to dilate small 
arteries and larger arterioles after 10 minutes following the beginning of a 30-minute infusion, with 
a significant increase in cerebral blood flow observed. 

Synaptosomal fractions obtained from the motor area of the cerebral cortex of normocapnic, 
normoxic, or hypoxic untreated beagle dogs or similar dogs treated with citicoline infusion were 
incubated and analyzed for ATP, ADP, AMP, creatine phosphate, pyruvate, and lactate (105). 
Perfusion with citicoline increased synaptosomal phosphorylation after hypoxia but had no effect 
after normoxia, indicating a specific protective action in hypoxia. 

Neuronal cultures from chick embryo cerebral hemispheres were protected against a hypocapnic 
injury by adding 1 {M citicoline to their growth medium before or after the injury (106). 
Morphometric analysis showed that pretreatment of neuronal cultures with citicoline maintained the 
number of cell aggregates and of primary neuronal processes at control values after neuronal shock. 
Incubation of neurons with radioactive choline demonstrated that hypocapnia increased label 
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incorporation into phospholipids, whereas the presence of citicoline reduced it. Thus, citicoline 
appears to have the capacity to protect neurons and to maintain cellular function and growth. 

Though the role of CDP-choline in the Kennedy pathway clearly indicates how this intermediate 
increases synthesis of phosphatidylcholine, the observed decrease elicited by administered citicoline 
in ischemia-induced free fatty acid release and in diglycerides indicates that citicoline can also 
prevent the loss of membrane phosphatidylcholine. The mechanism by which this could occur has 
been discussed in some detail (99) and is diagrammatically illustrated in Figures 4 and 5. In the 
normal synthetic process, cholinephosphotransferase catalyzes the interaction of CDP-choline and 
diacylglycerol to produce phosphatidylcholine and cytidine-5'-monophosphate (Fig. 4, top). During 
ischemia, the cytidine-5'-monophosphate is not removed because ATP is no longer produced, and its 
increased concentration reverses the normal reaction, producing more diglycerols that are then rapidly 
degraded to free fatty acids (Fig. 4, bottom). If the reversal of cholinephosphotransferase and 
increased fatty acid formation are involved during ischemia, then supplying exogenous citicoline to 
increase CDP-choline levels would, by mass action principle, reverse this effect and decrease 
phospholipid degradation, thus favoring recovery from abnormal free fatty acid production (Fig. 5). 

Head Trauma, A compound that protects neurons from ischemic damage and might even 
stimulate cellular growth and repair could have obvious utility in the treatment of head injuries. 
Studies have been performed to evaluate the effects of citicoline in a number of classical preclinical 
models designed to approximate one or more parameters identified as significant components in 
clinical head trauma; actions of citicoline on head trauma reported in eight different models in five 
species are summarized in Table II. 



Normal 

Diglycerides + CDP-choline 



- Phosphatidylcholine + Monoglycerldes 



+ATP 



Free Fatty Acids 



Ischemia 

Diglycerides + CDP-choline -* 



Phosphatidylcholine + Monoglycerldes] 




Free Fatty Adds 1 



Fig. 4 



Diagrammatic illustration of normal synthesis of phosphatidylcholine and of the effect of ischemia on this 
reaction. Based upon discussion in (99). For explanation, see text. 
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€xogenous 
Citicoline 



{I 



Increased 
Dlglycerldes + CDP-chollne 



Free Fatty Adds \ 



Phosphatidylcholine + Monoglycerides 

I 



Dependent Upon 
Degree of Ischemia 
and ATP Present 



Fig. 5 



Diagrammatic illustration of reversal by exogenous citi-coline of increased free fatty acid formation and loss of 
phosphatidylcholine. Based upon discussion in (99). For explanation, see text. 



In a radioautographic study in mice, ^-labeled citicoline was administered intraperitoneally just 
after an experimental external head injury (a cold injury) was created by directly applying acetone- 
dry ice to the scalp of a mouse parietal section for 30 seconds (84). The cerebrum was removed 6 
hours later, autoradio-graphs were prepared and the distribution of isotope was compared in normal 
and injured cells. Incorporation into white matter was much greater in injured cells than in white 
matter that had sustained no injury. 

Effects of citicoline in a concussive head injury model in mice also have been reported (108). 
Groups of approximately 10 mice at each intravenous dose level of citicoline (0, 1, 2, 4, 8, 15, 30, 
60, 125, or 250 mg/kg) were given concussive head injuries 10 minutes after receiving drug, and the 
interval times until the righting reflex and spontaneous movements reappeared were measured. 
Significant reductions in time to recovery were observed for both parameters at 60 mg/kg or higher 
dosages. Uniformity of injury was attempted by dropping a 20 g bakelite weight onto the top of the 
head of the restrained animal from a height of 30 cm. A more sophisticated version of this model, 
a controlled cortical impact model of traumatic brain injury based upon devices developed at the 
General Motors Research Laboratory, has been characterized recently in rats (e.g., 109) and provides 
additional support for the relevance of this experimental approach to human head injuries. Use of 
a pneumatic piston rod with controlled velocities permits graded effects to be obtained in 
approximating many features of severe human traumatic brain injury. 

In a cranio-cervical trauma model, rats were subjected to accelerative and decelerative head 
movements intended to reproduce whiplash with one-half of the traumatized rats (10 rats) receiving 
citicoline (20 mg/kg, intraperitoneally) 1 hour after the trauma (110). Treatment with citicoline 
prevented or decreased all of the changes observed (myogram changes; postural regulation, sound 
avoidance conditioning, changes in catecholamine levels) in untreated traumatized animals. In a rat 
experimental hematoma model (111), a unilateral cerebral hematoma was prepared by injection of 
0.25 mL of autologous blood into the regions regulating motor functions (around capsula interna, 
putamen and caudate nucleus of the left cerebral hemisphere). The effects of YM-14673, a thyrotro- 
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TABLE II 

Effects of Citicoline in Diverse Preclinical Models of Head Trauma 



Model 



Species 



Effects of Citicoline 



Reference(s) 



Cold injury 
lesion 



Weight drop 
concussive 
head injury 



Controlled 
cortical impact 
model 

Cranio-cervical 
trauma (whip 
lash) 



Experimental 
cerebal 
hematoma 

Cold injury 
lesion 



Cold injury 
lesion 



Experimental 
cerebral 
hemorrhage 

UV-induced 
edema 



Mouse 



Mouse 



Rat 



Rat 



Rat 



Rabbit 



Rabbit 



Dog 



Cat 



Increased incoporation from 3 H- 
Citicoline in injured white (neu- 
ronal) matter 

Decrease in time to recovery of 
righting reflex and of spon- 
taneous movement 

Not given; model parameters 
only 



Prevented changes in all mea- 
sured effects (myogram 
changes, postural regulation, 
sound avoidance conditioning, 
dopamine and norepinephrine 
levels) " 

Did hot affect neurological de- 
ficits although YM-14673 (a 
TRH analog) did 

Decreased edema and restored 
mitochondrial ATPase and Na + - 
K*-ATPase sensitivity 

Inhibited activation of phos- 
pholipase A 2 (but not of 
cholinephosphotransferase) 
when given orally 

EEG parameters improved in 7 
of 9 dogs 



Decreased edema 



(84) 



(108) 



(109) 



(110) 



(111) 



(112) 



(113) 



(114) 



(115, 116) 



Epidural brain 
compression 



Cat 



Increased resistance to effects 
(abnormal EEG, cardiovascular 
and respiratory effects, lethal 
effects) 



(117) 
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pin-releasing hormone analog, were compared with those of citicoline on alleviation of induced 
neurological deficits such as hemiplegia. In this model, recovery from neuro-logical deficits was 
accelerated by YM-14673 but not by citicoline even in concentrations as high as 300 mg/kg. The 
mechanism of action of citicoline differs from that of thyrotropin-releasing hormones, and citicoline 
may not act directly to enhance pyramidal motor system activities. 

Cold injury in rabbits was induced with liquid nitrogen cryode application (35 sec) through the 
intact bone in order to induce edema and characterize the underlying mechanisms involved (112). 
Subcellular fractions were isolated from cerebral hemispheres removed at different time intervals 
after the cold injury; and cell water and electrolytes, oxidative phosphorylation, and Na + -K + -ATPase 
function were assessed. Citicoline (concentration unspecified) was injected intravenously 24 hours 
after the cold injury. It acted to stop edema progression, to restore the sensitivity of the mitochondrial 
ATPase to oligomycin (restoration of the mitochondrial membrane), and to restore Na + -IC -ATPase 
function (membrane phospholipid dependent). In another cold injury study in rabbits (113), citicoline 
(100-200 mg/kg, orally) completely inhibited injury-mediated activation of phospholipase A 2 (which 
mediates phospholipid breakdown) but not activation of cholinephosphotransferase activity (which 
enhances phospholipid biosynthesis). Thus, actions of citicoline in both of these studies could be 
interpreted as preventing destruction of membrane phospholipids. 

Cerebral hemorrhage was surgically induced in nine dogs, and citicoline was subsequently given 
in intravenous doses of 100-600 mg to ascertain whether it induced improvements in electroencepha- 
lographic recordings (114). Although great variability was observed in the condition of the 
experimental animals and the degree of responsiveness, it was concluded that citicoline was effective 
in improving EEGs in seven of nine dogs, probably by promoting the arousal reaction. 

The effects of citicoline (from 20 to 100 mg/kg) on brain edema was further studied in a cat model 
of ultraviolet-induced cerebral edema (115, 116). After sacrifice, brain sections were removed and 
the degree of edema ascertained. Statistically significant reductions of brain edema in relation to the 
control group were found in the majority of brain levels analyzed in these studies. Further analyses 
of the mechanisms by which citicoline might decrease brain edema were not performed in these 
studies but are presumed to relate to restoration of membrane function. 

Another. experimental technique used in cats was epidural compression of the brain by infusing 
isotonic saline into a balloon catheter that had been surgically fixed in position in the skull (117). 
Cats received citicoline (0.833 or 0.167 g/kg TID) for 5 days preceding the surgery and a final dose 
one hour after surgery and preceding initiation of compression. The results indicate that citicoline 
moderately protects against the effects of acute brain compression by delaying the onset of abnormal 
EEG waveforms, large fluctuations in blood pressure and heart rate, respiration changes, cardiac and 
respiratory failure, and death. 

EEG. In several studies in addition to the preceding one (114), effects of citicoline on EEG 
and/or EMG recordings were measured in attempts to characterize the mode of action of citicoline 
and whether the changes observed could be used to assess degree of improvement in a preclinical 
model. In the rat, the cold injury lesion model was used in conjunction with citicoline to assess 
whether simultaneous administration of citicoline (1 g/kg orally for 8 days) decreased the EEG 
changes induced by experimental brain edema (118). A significant increase in the theta frequency 
accompanied by a decrease in the slow alpha and delta frequencies was interpreted as indicating a 
decrease in the diffuse neuronal damage caused by the cerebral edema. In studies measuring effects 
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of citicoline on EEG and EMG parameters in rabbits (119-121), it was concluded that changes 
elicited with citicoline were consistent with an arousal of consciousness, an intensification of 
pyramidal system activity, an inhibition of myogenic tonus rigidity, and a general facilitation of both 
sensory and motor systems. Although results were primarily descriptive rather than mechanism- 
related, comparison with effects of CNS stimulants and other active agents clearly indicates that the 
spectrum of activity of citicoline was novel. 

Dyskinesia. The ability of citicoline and its choline derivative to enhance acetylcholine synthesis 
could positively affect decreased or aberrant cholinergic function that resulted in hyperactivity. With 
use of haloperidol to induce hypersensitivity and apomorphine to induce hypermotility, rats receiving 
citicoline (500 mg/kg/day for 7 days) in this complex model showed hypermotility but a reduction 
of the apomorphine-induced hypermotility (122). Effects of citicoline observed were attributed to 
either enhancing actions of increased acetylcholine on the dopaminergic system or an antagonism of 
the effects of apomorphine (via increased dopamine). Support for the idea that cholinergic changes 
influence CNS hyperactivity is provided in a study of ^-choline distribution in rats during and after 
bicuculline-induced seizures (123). During seizures, there is an increase observed in cerebellar pools 
of both citicoline and phosphocholine (presumably due to degrading of phosphatidylcholine through 
the Kennedy pathway). 

Parkinson's Disease. Modulation of adrenergic and, especially, dopaminergic CNS systems by 
synthesis of endogenous acetylcholine and subsequent cholinergic nerve secretion appears to provide 
the basis for many of the studies on the influence of citicoline in Parkinson's disease (124). The 
mobilization of the citicoline metabolite, choline, in the stimulation of acetylcholine release and in 
protecting membrane phospholipids has been documented in rat striatal slices (125). However, as 
noted in the previous section, orally administered citicoline in the rat haloperidol-apomorphine model 
appears to have additional actions (e.g., resembling a dopaminergic agonist by activating D 2 
receptors; [126]). Another example of complexity is the reported (127) increased formation, by an 
uncertain and possibly additional mechanism, of CDP-choline in dog brain homogenates induced by 
stimulation by hemicholinium-3 of the enzyme CTP-phosphocholine cytidylyltransferase. 

Considerable experimental evidence of effects of citicoline on CNS dopaminergic systems has 
accumulated. After treatment with citicoline, regeneration of nerve cells in rats with substantia nigra 
lesions has been demonstrated (128). In rats, intraperitoneal citicoline administration increased 
striatal dopamine synthesis as measured by accumulation of the metabolite, DOPA (129). The 
protective effect of citicoline against decreased caudal dopamine was postulated to result from an 
improvement in the phospholipid metabolism of injured nerve cells in the substantia nigra and 
nigrostriatal tract and a subsequent augmentation of dopamine production (130). In rats, citicoline 
has also been reported to activate tyrosine hydroxylase (131), to increase levels of dopamine and 
tyrosine in the corpus striatum and to decrease serotonin and tryptophan levels in the hypothalamus 
and the brain stem (132, 133), to affect synaptosomal transport of various biogenic amines in the 
corpus striatum (134), to increase the dopamine metabolites, homovanillic acid and DOPAC, in the 
striatum (135, 136), to increase urinary levels of the norepinephrine metabolite, 3-methoxy-4- 
hydroxyphenylglycoi (137), and to potentiate the circling behavior produced by L-dopa and by 
amphetamine (133, 138). Thus, although the precise mechanisms by which citicoline directly or 
indirectly affects CNS biogenic amine function require more definition, activities of citicoline have 
been demonstrated in preclinical systems relevant to Parkinson f s disease, a^d the specific 
enhancement of dopaminergic synthetic pathways by citicoline-induced increases in endogenous 
acetylcholine in the striatum provides a basis for further studies. 
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Brain Lipidsl Aging. The presence of active biosynthesis and repair in neuronal tissues indicates 
brain structural lipid in membranes is also undergoing turnover under normal conditions. Animal 
model research has indicated that changes in the composition of dietary fat can alter fatty acid 
constituents and synthesis of brain membrane lipids (139, 140). Thus, in growing animals, these 
studies show that the balance of soybean and sunflower oil in the diet influences brain phospholipid 
fatty acid composition, phosphatidylethanolamine methyltransferase activity, and the rate of 
phosphatidylcholine biosynthesis via the CDP-choline pathway. Numerous changes have been 
reported after chronic treatment with citicoline including increased RNA labeling in the corpus 
striatum of 24-month-old rats (141), reversal of age-dependent modifications of inner mitochondrial 
membrane and synaptosomal plasma membrane proteins from different rat brain regions (142), 
incorporation of citicoline during myelination in rat brain organ culture into lecithin and 
sphingomyelin (143), decreased rat brain mitochondrial citrate synthase (144), a partial recovery of 
the murine striatum dopamine and acetylcholine receptor function normally reduced with aging (145), 
and increased incorporation of nucleotide and water-soluble related compounds in various rat brain 
areas (146). 

After chronic administration of citicoline, brain levels of phosphatidylcholine and other structural 
phospholipids were increased (with ratios essentially unchanged) in mice treated for up to 27 months 

(147) and in 30-month-old rats as compared with age-related reduced levels in age-matched controls 

(148) . In rat brain cell cultures and slices, repeated exposure to exogenous citicoline increases 
polyphosphoinositide turnover/and this effect has been attributed to ah increased availability of 
acetylcholine at muscarinic receptors (149). When tissue levels of major membrane phospholipids 
and their metabolites were measured in three cortical areas from postmortem brains of Alzheimer's 
disease patients and matched controls (150), there were significant decreases in phospholipids and 
phospholipid precursors as well as increases in phospholipid catabolites that were consistent with the 
idea that membrane phospholipid degradation is increased in the Alzheimer's disease brain. The 
theoretical concept of an initial cholinergic-related lesion in Alzheimer's disease has been proposed 
(151) as a sequence involving increased mobilization of choline for acetylcholine synthesis from 
membrane phospholipid (especially phosphatidylcholine) so that membranes are weakened, 
destroyed, and decreased in quantity. In this scenario, the pathological acceleration of this process 
in Alzheimer's disease might be mitigated by supplying exogenous acetylcholine precursor, perhaps 
citicoline. The preclinical basis and relevant therapeutic approaches to Alzheimer-type senile de- 
mentia and Alzheimer's disease have been discussed in more detail in recent reviews (152, 153), and 
no specific studies directly linking citicoline to an effect on parameters of Alzheimer's disease are 
available. 

Learning/Memory. Parallel to situations where aging is accompanied by impaired function are 
similar experimental models that have been related to deficiencies in memory or learning. In rodent 
models testing for passive avoidance or conditioned reflex changes, citicoline has been found to 
restore performance in 13-month-old mice to the level of 4-month-old ones (154) or to improve 
cognitive levels in rats and mice, but to do so most efficiently in low capability learners (155). 
Results of citicoline administration to rats in which the degree of induced memory deficits was 
examined by active and passive avoidance techniques indicate that citicoline may act as a memory- 
enhancing drug and have a stronger effect in animals with memory deficit. In studies of Petkov and 
associates, citicoline was reported to prevent scopolamine-induced amnesia (156-159), to facilitate 
learning and improve memory in rats of all ages with some variability that was not age-dependent 
(160), and to improve retention when the step-through method for passive avoidance was used (157). 

In some situations, however, large variations between and within groups prevented detection of 
any consistent differences (161). When the effects of the thyrotropin-releasing hormone analog, YM- 
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14673, were compared with those of citicoline on decreasing latency time for rodents with induced 
memory deficits to enter from illuminated into dark compartments (passive avoidance), YM-14673 
was effective but citicoline was not (162). Memory deficits in rats exposed perinatally to alcohol 
were decreased by citicoline, but not as well as by piracetam or meclofenoxate (163). The 
combination of citicoline with the CNS stimulant, caffeine, did not always increase, and occasionally 
decreased, favorable effects on learning and memory, possibly by disturbing selective pathways 
(164). It was concluded that antihypoxic effects of various nootropic agents are mediated by actions 
at differing points affecting the generation of the CDP-choline pool (165). However, the different 
agents had differing effects on catecholamine and serotonin levels in rat brain areas, with citicoline 
increasing norepinephrine levels in the cerebral cortex and hypothalamus, dopamine levels in the 
striatum, and serotonin levels in the cerebral cortex, striatum, and hippocampus (166). Variable 
effects were reported for citicoline on rat muscarinic receptors (167). Thus, it would appear that the 
basis of the positive effects of citicoline on memory and learning is complex and difficult to resolve 
in behavioral models. 

Cardiovascular. The effects of citicoline on various cardiovascular and respiratory parameters 
were measured in anesthetized rats (168). Mean arterial pressure, heart rate, inspiratory flow, 
expiratory flow, and respiratory rhythm were measured 30 minutes before administration of a single 
dose of citicoline (1 g/kg, intraduodenally) and up to 2 hours after the dose. No significant 
differences as compared with controls were observed in heart and respiratory rates. The values for 
arterial pressure and respiratory flow for citicoline-treated animals remained closer to basal values 
than did those for control animals. Thus, the measured cardiovascular and respiratory effects of 
citicoline appear to be minimal at the relatively high dose administered. 

A number of other cardiovascular effects and activities of citicoline have been reported. The 
effects of acute (250 mg/kg) and chronic (250 mg/kg for 2 weeks) treatments with citicoline on 
platelet aggregation and thromboxane formation and on the platelet antiaggregatory activity of 
thoracic aorta have been studied in the rat (169). After acute treatment, platelet reactivity to 
aggregating agents and the antiaggregatory activity of aortic walls were reduced; after chronic 
treatment, antiaggregatory activity of the aortic walls was increased but platelet function was no 
longer affected. An antiatherogenic effect of citicoline was also identified in rabbits subjected to 1- 
2% hypercholesterolemic diets with the diet-induced intimal involvement being reduced by citicoline 
injections both in the aortic arch and the descending tract of the thoracic aorta (170). 

In several publications over a decade, Choy and co-workers (171-173) delineated alterations in 
the Kennedy pathway in myopathic hamster hearts under normal, hypoxic and ischemic conditions. 
In myopathic hamster hearts (171), the pool size of CDP-choline was reduced, possibly due to a 
reduction in cytidine triphosphate precursor (accompanied by a compensatory increase in cy tidy- 
lyltrans-ferase to maintain a minimum CDP-choline level). In the hypoxic hamster heart (perfused 
with 95% N 2 saturated buffer), there was a severe decrease in cytidine triphosphate levels as well as 
a corresponding fall in the conversion of phosphocholine to CDP-choline and the rate of 
phosphatidylcholine biosynthesis (173). The hypoxia enhanced either lipid activators or translocation 
of cytidylyltransferase from the cytosolic to the more active microsomal form (mechanisms to 
compensate for the decreased cytidine triphosphate and to maintain phosphatidylcholine biosyn- 
thesis). Finally, in a comparison of ischemic (produced by reduced flow) and hypoxic hearts (172), 
ischemia produced a severe decrease in ATP levels and consequent decreases in conversion of choline 
to phosphocholine and reduction (51%) in phosphatidylcholine biosynthesis. In contrast to hypoxia, 
no endogenous compensatory mechanism was triggered during ischemia. In anoxic cultured rat heart 
cells (174), treatment with citicoline prevented a significant portion of the decrease in contractility 
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induced by anoxia. Thus, exogenous citicoline appears to have no serious negative effects on 
cardiovascular parameters and functions and may be beneficial in the compromised heart. 

Induced Lesions. The general protective effects of citicoline on cellular metabolic function were 
examined in mice given a normally lethal (7.5 mg/kg) dose of potassium cyanide (175). Oral 
administration of citicoline at a daily dose of 1 g/kg for 4 days significantly extends survival time and 
increases the percentage of survivors from the effects of KCN-induced histotoxic hypoxia. Some 
summation with protective effects observed with L-dopa was also shown; but, in a different study in 
mice (176), ischemia induced by carotid artery ligation decreased dopamine content, and citicoline 
(0.1 g/kg, intraperitoneally) did not alter this effect. 

In several studies, citicoline appears to exert a general protective action against cholinergic 
stimulants. In mice treated with citicoline before receiving graded intravenous doses of nicotine, the 
LD 30 was significantly increased as compared with controls (177). In mice treated with citicoline 
before receiving oxotremorine (178, 179), citicoline protected against sialorrhea (salivation, 
lacrimation), diarrhea and hypothermia but not against tremors produced by CNS stimulation. The 
effects of citicoline were attributed to stimulation of dopamimetic activity (178). In an attempt to 
modify the mobilization of membrane phospholipids for the synthesis of acetylcholine after stimu- 
lated release of neurotransmitter by exposure of electrically polarized corpus striatum slices to the 
acetylcholinesterase inhibitor, physostigmine (180), exogenous choline was supplied and phos- 
pholipid content measured. It was found that addition of choline (or, presumably, a choline source 
such as citicoline) helps replace acetylcholine without destruction of membrane phospholipid to 
generate choline. Stimulation with generally cholinergic effects is also observed in the experimental 
withdrawal syndrome (181) elicited in mice by discontinuing morphine or with naloxone, and the 
intensity of the physical signs is clearly decreased by administration of citicoline (2 g/kg orally) 
during the withdrawal period. In rats either with behavioral deficits or receiving drugs that interfere 
with normal function by differing effects on central cholinergic mechanisms (182), it was found that 
chronic intraperitoneal injection of citicoline improved memory and learning capacity of all groups. 

Effects of citicoline on neuronal regeneration were examined by inducing nerve axon degenera- 
tion (183) or by exposure to alcohol (184). Injection of acrylamide, an organic solvent, into mice or 
rats induces axonal lesions to produce a neurological syndrome for which citicoline is either pre- 
ventative or hastens recovery (183). : When citicoline was administered to pregnant rats also receiving 
alcohol, effects of alcohol on fetal neuronal development decreased (184). 

Conclusions 

The potential use of citicoline in a variety of therapeutic indications, especially ischemic and 
traumatic injuries, is suggested by the extensive and diverse literature that has accumulated especially 
over the last two decades. The metabolic pathways for CDP-choline have been extensively studied, 
are well characterized, and are of major physiological significance. The formation of CDP-choline 
is the rate-limiting step in the synthetic pathway leading from choline to phosphatidylcholine. The 
pathway is essential for cellular and intracellular membrane formation and maintenance, and CDP- 
choline is synthesized and mobilized within the intracellular water compartments in virtually all cell 
types and in all species studied. The hydrolysis products of CDP-choline (cytidine and choline) are 
primarily incorporated into nucleic acids and phospholipids, respectively. Choline is also essential 
for synthesis of acetylcholine. Cytidine .triphosphate formed from cytidine increases choline 
incorporation into membrane phosphatidylcholine. 
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The oral administration of citicoline has been shown to augment various physiologically 
beneficial actions of endogenous CDP-choline. Exogenously administered citicoline is orally bio- 
available. After hydrolysis in the intestine to choline and cytidine, these constituents are absorbed, 
widely distributed, resynthesized in liver and other cells, and efficiently used in brain cells for 
membrane phosphatidylcholine synthesis. The effects of ischemia and/or hypoxia in most animal and 
cellular model systems studied are prevented, reduced, or reversed by exogenously administered 
citicoline. Citicoline not only increases phospholipid synthesis but also inhibits phospholipid 
degradation. In head trauma models, citicoline acts to decrease and limit nerve cell membrane 
damage and, in this manner, restores intracellular regulatory enzyme sensitivity and function, and 
limits edema. Beneficial activity of exogenous citicoline has also been postulated or reported for 
dyskinesia, Parkinson's disease, cardiovascular disease, aging, Alzheimer's disease, learning and 
memory, and cholinergic stimulation. Citicoline reverses or prevents cell membrane damage and 
subsequent deterioration in many animal and cellular models without serious side effects. 
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